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ABSTARCT 
In the present work, different loadings of cerium promoted Ni/MgO catalyst for the 
biogas dry reforming reaction was studied.  XRD diffraction pattern of fresh 5 wt% Ce-
Ni/MgO catalyst showed peaks representing MgO at 2θ = 37.00 and NiO at 42.99, 
62.41, 74.84 and 78.79. BET characterization of both fresh 3 wt%  and 5 wt% Ce-
Ni/MgO catalysts presented that 5 wt% Ce-Ni/MgO catalyst has larger BET specific 
surface area, pore volume and pore diameter than 3 wt% Ce-Ni/MgO catalyst. From 
FESEM imaging of 5 wt% Ce-Ni/MgO catalyst, it can be observed that the metallic 
particles in the catalyst are uniformly distributed. EDX of fresh 5 wt% Ce-Ni/MgO 
catalyst displayed that only a small amount of carbon is found for the catalyst showing 
that the catalyst has high carbon removal efficiency.  Reaction studies have found that 
both 3 wt% and 5 wt% Ce-Ni/MgO catalysts gave almost equal rate of formation of 
product yield (H2 and CO) which is greater than that of unpromoted Ni/MgO catalyst. 
However, 5 wt% Ce-Ni/MgO catalyst gives a slightly higher conversion than 3wt% Ce-
Ni/MgO catalyst indicating that 5 wt% Ce-Ni/MgO is the best performing catalyst. It was 
then employed for further reaction studies. The increasing temperature results in increase 
rate of formation of both CO and H2 as well as the rate of CH4 consumption in agreement 
with Arrhenius principle. CH4  consumption showed the highest activation energy which 
is 62.59 kJ/kmol. 
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ABSTRAK 
Kajian ini menyelidik tentang kandungan Ce yang berlainan dalam pemangkin Ni/MgO 
terhadap tindak balas metana dan karbon monoksida. Corak pembelauan XRD 
menunjukkan puncak yang mewakili MgO pada 2θ = 37.00 and NiO pada 42.99, 
62.41, 74.84 and 78.79. Pencirian BET bagi pemangkin 3 wt%  and 5 wt% Ce-
Ni/MgO yang baru menunjukkan bahawa pemangkin 5 wt% Ce-Ni/MgO mempunyai  
kawasan permukaan, isi padu liang dan diameter yang lebih besar daripada  pemangkin 3 
wt% Ce-Ni/MgO. Daripada pengimejan FESEM bagi pemangkin 5 wt% Ce-Ni/MgO, ia 
boleh diperhatikan bahawa  pengagihan zarah logam di dalam pemangkin tersebut  agak 
seragam. EDX  bagi  pemangkin 5 wt% Ce-Ni/MgO yang baru memaparkan bahawa 
hanya sedikit carbon didapati  bagi pemangkin tersebut. Hal ini membuktikan bahawa 
pemangkin tersebut mempunyai kecekapan mengeluarkan karbon yang tinggi. Kajian 
tindak balas telah mendapati bahawa pemangkin 3 wt%  and 5 wt% Ce-Ni/MgO 
memberikan kadar pembentukan hasil produk ( H2 and CO) yang hamper sama dan lebih 
tinggi daripada pemangkin Ni/MgO. Walaubagaimanapun, pemangkin 5 wt% Ce-
Ni/MgO memberikan penukaran yang lebih tinggi sedikit berbanding dengan  pemangkin 
3 wt% Ce-Ni/MgO. Hal ini menunjukkan bahawa 5 wt% Ce-Ni/MgO merupakan 
pemangkin yang mempunyai prestasi yang tertinggi. Kemudian, ia  dipilih untuk kajian 
tindak balas yang selanjutnya. Peningkatan suhu dalam tindak balas menyebabkan kadar 
pembentukan CO dan H2 serta kadar penggunaan methane yang mematuhi prinsip 
Arrhenius. Penggunaan methane menunjukkan  tenaga pengaktifan yang tertinggi, iaitu 
62.59kJ/km 
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CHAPTER 1 INTRODUCTION 
 
 
1.1 Background 
 
The excessive greenhouse gases (GHG) emission has led to climate change, consequently 
greenhouse gas utilizations has become an important area of research. In order to 
decrease the greenhouse gas emissions, numerous proposals stipulated under the Kyoto 
Protocol, (1997) had been implemented. One of the propositions is Clean Development 
Mechanisms (CDM) which aims at encouraging the cooperation between developing and 
developed countries in the activities of reduction in GHG emission (Yacob et al., 2005). 
The effects of GHG on climate change, sources and sinks of GHG, causes of GHG 
emissions and strategies of bridling GHG emission have been recently publicized 
(Bogner et al., 1995). 
GHG especially carbon dioxide (CO2) and methane (CH4) are identified as main culprits 
that can cause global warming. In Malaysia, palm oil mill effluent (POME) anaerobic 
treatment widely-practiced in oil mills is a main source of CH4 emission. Large amount 
of water is required in the palm oil extraction (Agamuthu, 1995) and therefore large 
volume of POME is created. On average, a palm oil mill will produce 0.65m3 POME for 
every ton of fresh fruit bunch (FFB) processed (Lim et al., 2013).  A total of  32 million 
tons of POME was generated in 1990s (Ma, 1999) with  average biochemical oxygen 
demand (BOD)  reading of 25000 mg L-1 and chemical oxygen demand (COD) of 50000 
mg L-1. When POME is anaerobically digested, biogas with 65% CH4, 35% CO2 and 
traces of H2S would be produced (Yacob et al., 2005). 
Significantly, CH4 dry reforming can reduce environmental degradation since the 
reaction consumes CH4 and CO2 by converting the gases into synthesis gas (also known 
as syngas) and increases valorization of gas-field with high CO2 content. Synthesis gas is 
a fuel gas mixture consists of CO, H2 and very often than not, some CO2. Synthesis gas 
 
 
2 
 
found applications in diverse areas i.e. as an intermediate in the production of synthetic 
natural gas (SNG), ammonia or methanol and a fuel of internal combustion engines.  
There are various methods to produce synthesis gas viz. steam reforming or dry 
reforming of natural gas or liquid hydrocarbons, the coal and biomass gasification, 
gasification of waste to energy etc. The catalytic CH4-dry reforming can be carried out 
over various types of metallic catalysts. However, catalyst deactivation occurs easily in 
the reaction through carbon deposition on the catalyst surface. For example, Ni which is 
one of the best active metals is highly active and carbon layer forms easily on the Ni-
based catalyst surface leading to deactivation of the catalyst. Zirconium-based mixed 
oxides are good supports for Ni-based catalyst in CH4 dry reforming (Guczi et al., 2010). 
Cerium appears to be a very popular promoter for transition metal based catalysts in 
recent years since it is capable of storing large amount of oxygen (Daza et al, 2010). 
 
1.2 Problem Statement 
 
Palm oil production is a massive industry in Malaysia industry and its status as the main 
pillar of Malaysia‘s economy has been further endorsed via the Economic 
Transformation Program (ETP) mooted by PM Najib Tun Razak. One of the thrusts in 
ETP is the creation of biogas-capturing facilities targeted for every palm oil mill. 
Nonetheless, biogas as aforementioned is a potent greenhouse agent. Therefore, it 
provides the strongest motivation to the current work to utilize this biogas as the source 
of synthesis gas production. 
Good catalytic performance of metallic catalyst is a very important criterion in the 
utilization of biogas to produce synthesis gas. The factors influencing the catalytic 
performance of supported metallic catalysts in biogas dry reforming are nature of metal, 
support type, conditions for catalyst preparation and pretreatment. By comparison in 
between nickel (Ni)-based catalyst and cobalt (Co)-based catalyst, Ni-based catalyst is 
more active yet cheaper than Co-based catalysts. Due to the highly active nature of Ni, 
Ni-based catalyst undergoes deactivation easily. Therefore, it is necessary to improve the 
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catalytic performance of Ni-based catalyst through the incorporation of suitable promoter 
into the catalyst. From literature, cerium (Ce) is a well-known promoter particularly for 
Ni-based catalyst. Therefore, it is worthy to explore the performance of Ce as a catalyst 
promoter for CH4 dry reforming. 
 
1.3 Objective 
 
This research work aims to study the catalytic performance of Ce-Ni/MgO catalyst with 
various Ce loadings for CH4 dry reforming. 
 
1.4 Scopes of Study 
 
In order to achieve the main objective of this work, the following scopes have been 
identified: 
1. To prepare Ce-Ni/MgO with the 3% and 5% loadings of Ce via co-impregnation 
method. 
2. To characterize the physicochemical properties of catalysts using methods such as:  
i) Brunauer-Emmett-Teller (BET) 
ii) X-ray Diffraction (XRD) 
iii)  X-ray Photoelectron Spectroscopy (XPS) 
iv) Screening  Electron Microscopy- Energy Dispersive X-ray (SEM-EDX) 
v) Thermo Gravimetric Analysis (TGA) 
 
3. To study the catalytic activity and stability of the prepared catalysts with various 
Ce loadings in a bench-scale fixed-bed tubular reactor under different 
temperatures. 
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CHAPTER 2 LITERATURE REVIEW 
 
 
 
2.1 Introduction 
 
Palm oil industry is one of the leading agricultural industries in Malaysia with an average 
crude palm oil production of more than 13 million tons per year (H. Nour et al., 2011). 
Palm oil processing nonetheless produces POME which is a highly polluting wastewater. 
The disposal of POME into open ponds can potentially cause groundwater and soil 
pollution as well as the release of CH4 into the atmosphere via natural organism 
degradation. According to Wu et al. (2010), enormous production of the crude palm oil 
has generated 44 million tons of POME in the year 2008 alone. On the average, for each 
ton of FFB processed, about 1 ton of liquid waste with BOD of 27 kg, COD of 62 kg, 
suspended solids (SS) of 35 kg and  grease of 6 kg are  produced (Saman., 2013). 
 
Synthesis gas is not only an important feed for Fisher-Tropsch synthesis, but also a vital 
intermediate in several processes like gas-to- liquids and hydrogen production for 
refineries and fuel cells (Daza et al., 2010). Natural gas can be converted into synthesis 
gas through steam reforming, dry reforming and partial oxidation (Ross et al., 1996). 
Utilization of natural gas by CH4 dry reforming has attracted much attention particularly 
industrial purposes. The H2/CO ratio of 1 in CH4 dry reforming leads to its application in 
Fisher-Tropsch synthesis (Rostrup-Nielsen et al., 2002). 
 
In this chapter, the previous works related to biogas dry reforming and the combination 
of various active metals, supports and promoters will be critically discussed. 
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2.2 Palm Oil Mill Effluent (POME) 
Palm oil is one of the world‘s most rapidly expanding equatorial crops. Indonesia and 
Malaysia are the two largest oil palm producers and were rich with numerous widespread, 
forest-dwelling species. According to Arif and Ariff (2001), oil palm currently occupies 
the largest area of farmed land in Malaysia. The total oil palm acreage increases from 320 
to 3338 hectares from 1970 to 2000. 
The processing of fresh fruit bunches (FFB) of oil palm can generate different types of 
waste substances. Among the waste substances generated, palm oil mill effluent (POME) 
is considered the most harmful waste for the environment and thus needs to be discharged 
with proper treatment. Fresh POME is a hot, acidic (pH between 4 and 5), brownish 
colloidal suspension containing high concentrations of organic matter, high amounts of 
total solids (40500 mg/L), oil and grease (4000mg/L), COD ( 50000 mg/L) and BOD 
(25000 mg/L) (Ma, 2000). The quality of the raw material and palm oil production 
processes in palm oil mills are the dependent variables of the characteristics of POME.  
The characteristics of typical POME are given in Table 2.1. Huge amount of water is 
required in the crude palm oil (CPO) extraction from FFB. For 1 ton of CPO, 
approximately 5-7.5 ton of water is required and more than 50% of water ends up as 
POME (Ma, 1999). Sterilization of FFB, clarification of the extracted CPO and hydro-
cyclone separation of cracked mixture of kernel and shell hydrocyclone are the 
processing operations responsible for production of POME in the mills (Sethupathi, 
2004). Sterilization contributes to 36% of POME production, clarification of the 
extracted CPO contributes to 60% of POME production and hydrocyclone separation of 
cracked mixture of kernel and shell hydrocyclone contributes to 4% of POME production 
(Sethupathi, 2004). 
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Table 2.1 Characteristics of raw POME and the regulatory discharge limits (Ma, 2000) 
Parameters Value* 
Temperature 353-363 
pH 4.7 
Biochemical Oxygen Demand BOD3; 3 
days at 303K  
25000 
Chemical Oxygen Demand (COD) 50000 
Total Solids (T.S.) 40500 
Total Suspended Solids (T.S.S) 18000 
Total Volatile Solids (T.V.S) 34000 
Oil and Grease (O&G) 4000 
Ammonia-Nitrate (NH3-N)  35 
Total Kjeldahl nitrogen (TKN) 750 
   *All values, except pH and temperature, are expressed in mg/L  
 
POME contains considerable amounts of N, P, K Mg and Ca (Habib et al., 1997) which 
are essential for plant growth. Table 2.2 lists the parameter limits for POME watercourse 
discharge from oil palm industry. 
 
Table 2.2: Parameters limits for watercourse discharge of effluent from oil palm   
industry (Pierzynski, 2005) 
Parameter Units Parameter limits for 
POME discharge 
Remarks 
Biochemical 
oxygen demand 
( BOD, 3-day, 
303K) 
mg/L 100 - 
Chemical oxygen 
demand (COD) 
mg/L * - 
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Total solids mg/L * - 
Suspended solids mg/L 400 - 
Oil and grease mg/L 50 - 
Ammoniacal 
nitrogen 
mg/L 150 Value of filtered 
sample (GF/B) 
Total nitrogen mg/L 200 Value of  filtered 
sample (GF/B) 
pH - 5-9 - 
Temperature K 318 - 
  Note: *No discharge standard after 1984 
 
POME is considered as non-toxic since there are no uses of chemical additives during the 
oil extraction process. However, aquatic pollution can be caused by discharging of 
POME into water through the reduced level of dissolved oxygen content in water (Khalid 
and Wan Mustafa, 1992). Other than aquatic pollution, POME can cause greenhouse gas 
(GHG) emissions (Yacob et al., 2005). POME anaerobic treatment emits biogas mixture 
which contains a significant amount of CH4 and CO2 released from POME which is a 
major source of greenhouse emission. An approximately 9 kg CH4/ton FFB is released 
from POME (at 0.7 m3 POME/ton FFB, 28 m3 biogas/m3 POME and 65% CH4 in the 
biogas) (Wijbrans and Van Zutphen, 2005). Various treatment pathways have been tested 
to improve POME treatment and to reduce CH4 emissions in order to solve the 
environmental problem. The technologies include biogas capturing technologies which 
involve the flaring of biogas or conversion of biogas to electricity or heat which convert 
methane to biogenic CO2. The biogas capturing technologies can help to reduce GHG 
emissions with a factor of 23 (Klaarenbeeksingel, 2009).  
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2.3 Dry Reforming of Methane 
The dry reforming process is more industrially advantageous than steam reforming or 
partial oxidation in syngas production since H2 :CO product ratio is close to unity and thus 
it is suitable for further use in the production of oxygenated compounds and liquid  
hydrocarbons (He et al., 2009). The methane dry reforming can be represented by the 
following equation: 
CH4 + CO2 → 2CO + 2H2            ∆H298K = +247 kJ/mol    (2.1) 
CH4 dry reforming is highly endothermic as shown in Equation (2.1). Therefore, high 
temperatures are required in order to achieve high conversions of CH4 and CO2. However, 
catalyst will become deactivated easily at high temperature due to coke deposition 
(Ballarini et al., 2005) and/or sintering of the metallic phase and support (Guo et al., 
2004). Coke deposition comes from CH4 decomposition (cf. Equation (2.2)) and CO 
disproportionation (cf. Equation (2.3)). The CH4 decomposition is endothermic and hence 
favoured at higher temperature and pressure. In contrast, CO disproportionation is 
exothermic and favoured at lower temperature and higher pressure. According to 
Tsyganok et al. (2004), a partial oxidation of CH4 which is slightly exothermic may be 
combined with a highly endothermic CH4 dry reforming. 
CH4 (g) → C (s) + 2H2 (g)         ∆H298K = +75.2 kJ/mol      (2.2) 
2CO (g) → C (s) + CO2 (g)           ∆H298K = -173.0 kJ/mol    (2.3) 
 
2.4 Steam Reforming of Methane 
CH4 steam reforming is an equilibrium-limited process and consists of several reversible 
reactions.  
CH4 + H2O ↔ CO + 3H2  ∆H
o
298 K = +206 kJ/ mol      (2.4) 
CO + H2O ↔ CO2 + H2  ∆H
o
298 K = - 41 kJ/ mol      (2.5) 
CH4 + 2H2O ↔ CO2 + 4H2     ∆H
o
298 K = +165 kJ/ mol      (2.6)  
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The Equations (2.4) and (2.6) show highly endothermic CH4 steam reforming reactions 
whereas Equation (2.5) shows the moderately exothermic water-gas-shift (WGS) reaction. 
Equation (2.6) is the combination of Equations (2.4) and (2.5). High temperature is 
required for the endothermic behavior of reactions in Equations (2.4) and (2.6). From the 
Equations (2.4) and (2.6), the increase of the total gas volume in the reactions causes low 
pressure to be favoured in the CH4 steam reforming. WGS is slightly exothermic and 
therefore favoured at low temperature. Pressure change has negligible effect on the 
reaction since there is no change in total gas volume in the reaction. CH4 steam reforming 
and WGS reactions are typically carried out over a supported Ni catalyst at high 
temperatures, typically above 773 K (James, 2006). 
Highly pure gaseous hydrogen can be obtained in CH4 steam reforming since the product 
of the reaction has the highest H2/CO ratio. The requirement of high temperature in CH4 
steam reforming leads to expensive operation cost for the reaction. In order to save the 
operation cost, the reaction may be replaced with auto thermal reforming and partial 
oxidation which are more economic viable (Armor, 1999). 
 
2.5 Partial Oxidation of Methane 
Partial oxidation of CH4 is a combination of steam reforming, dry reforming and 
combustion of CH4 (Chen et al., 2012). There are two types of partial oxidation of CH4, 
namely catalytic partial oxidation and non-catalytic partial oxidation of CH4. For catalytic 
partial oxidation of CH4, CH4 reacts with O2 in the presence of catalyst to produce 
synthesis gas with H2/CO ratio of approximately two (Maxim et al., 2004). For non-
catalytic partial oxidation of CH4, CH4 reacts with O2 to produce synthesis gas at high 
temperatures of 1200 to 1500 C in the absence of catalyst (James, 2006). Hickman and 
Schmidt (1992) revealed that complete conversion of CH4 to H2 and carbon in partial 
oxidation occurs at reaction times as short as 1.0 ms. Therefore, partial oxidation of CH4 
requires smaller reactor size and is less complex as compared to other synthesis gas 
production technologies. 
The scheme of the partial oxidation of CH4 is shown as: 
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CH4 + O2 → CO + H2                ∆H298K = -247 kJ/mol     (2.7) 
CH4 + 2O2 → CO2 + 2H2O       ∆ H298K = -801 kJ/mol     (2.8) 
The exothermic behavior of CH4 partial oxidation causes lower amount of thermal energy 
to be required in the reaction and thus more economical than steam reforming and dry 
reforming (Peña et al., 1996). However, requirement of pure oxygen flow causes it to be 
an expensive process (Peña et al., 1996). It is risky due to the possibility of explosion 
caused by CH4 and O2 if the reaction is not conducted carefully (Peña et al., 1996). 
Partial oxidation is very important to produce H2 and it is characterized by auto thermal 
reaction. Excess enthalpy recovery, gas hourly space velocity (GHSV), number of turns 
and atomic O:C ratios affect the efficiency of partial oxidation in terms of H2 yield (Chen 
et al., 2012). The H2 yield from partial oxidation can be enhanced by preheating reactants 
through waste heat recovery, increasing GHSV and increasing number of turns. 
Maximum hydrogen yield can be achieved at O:C ratio of 1.2 (Chen et al., 2012). 
2.6 Autothermal Reforming of Methane 
The auto thermal reforming of CH4 is a combination of steam reforming and partial 
oxidation of CH4. Hence, it involves CH4, H2O and O2 in the presence of catalyst. The 
name ―auto thermal‖ came from its property that consumes the thermal energy generated 
by itself (Ayabe et al., 2003). The thermal energy is generated in the partial oxidation of 
CH4 and this property makes it to be energy saving (Ayabe et al., 2003). Similar as other 
reforming processes of CH4, auto thermal reforming is also used to produce synthesis gas. 
The fractions of gaseous reactant can affect the H2 :CO ratio in the synthesis gas produced 
in auto thermal reforming (Palm, 2002). The typical range of H2/CO ratio in the product 
is 1 to 2 (Palm, 2002). 
 
 
 
 
 
 
11 
 
2.7 Thermodynamics Analysis of   Reactions in Methane Dry Reforming 
Table 2.3 shows the main reactions which may occur in CH4 dry reforming. 
Table 2.3 Reactions in CH4 dry reforming (Nikoo and Amin, 2011) 
Reaction number Reaction ∆H298K (kJ/mol) 
1 CH4 + CO2  2CO +2H2O 247 
2 CO2 + H2  CO + H2O
 41 
3 2CH4 + CO2  C2H6 + CO + H2O
 106 
4 2CH4 + 2CO2  C2H4 + 2CO +2H2O
 284 
5 C2H6  C2H4 + H2
 136 
6 CO + 2H2  CH3OH -90.6 
7 CO2 +3H2   CH3OH + H2O
 
-49.1 
8 CH4  C + 2H2
 74.9 
9 2CO  C + CO2 -172.4 
10 CO2 + 2H2  C + 2H2O  -90 
11 H2 + CO  H2O + C
 
-131.3 
12 CH3OCH3 + CO2  2CO + 4H2
 
 258.4 
13 3H2O + CH3OCH3  2CO2 + 6H2
 
 136 
14 CH3OCH3 +H2O  2CO + 4H2
 
 204.8 
15 2CH3OH  CH3OCH3 + H2O
 
 -37 
16 CO2 + 4H2  CH4 + 2H2O
 -165 
17 CO + 3H2  CH4 + H2O
 -206.2 
 
Figure 2.1 shows the equilibrium constant of reactions involved in CH4 dry reforming at 
different temperatures and atmospheric pressure. 
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Figure 2.1 Equilibrium constant of reactions involved in CH4 dry reforming at different 
temperatures and atmospheric pressure (Nikoo and Amin, 2011) 
According to thermodynamic principles (Smith, 2005), negative value of Gibbs free 
energy change of reaction (∆Gt) is an indication of spontaneous reaction whereas positive 
value of ∆Gt is an indication of thermodynamically limited reaction.  Equilibrium constant 
(K) determines to which the extent of the reaction occurs. Reactions having the value of 
K higher than unity cannot be shifted to the opposite side by changing the molar ratio of 
the reactants whereas reactions having the value of K close to unity will have significant 
change in  product  distribution when the molar ratio of the reactants are varied  (Wang et 
al., 2009). For those reaction with negative value of ∆Gt, larger Ln(K) indicates greater 
feasibility of the reactions.  
From Figure 2.1, CH4 dry reforming (reaction 1) is favorable at temperature higher than 
1000K in agreement with the temperature range suggested in the previous study (Istadi, 
2005). Reverse water gas-shift (RWGS) reaction (reaction 2) is much influenced by 
equilibrium within the entire investigated temperature range. Generally, CH4 dry 
reforming and RWGS reaction occur simultaneously. The CO2 oxidative coupling of CH4 
reactions (reactions 3 and 4) possess high negative values of Ln(K) at low temperatures 
showing that the reactions are not feasible  at  low temperature. 
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Although ethane (C2H6) dehydrogenation (reaction 5) can be influenced by equilibrium 
limitations, it still can occur at higher temperature to produce ethylene (C2H4). Reaction 5 
usually takes place along with reactions 3 and 4 (Istadi, 2005). Negative values of Ln(K) 
for  hydrogenation of CO2 and  CO ( reactions 6 and 7) show that the reverse reactions 
are more favorable than the forward reactions particularly at high temperature. 
CH4 decomposition (reaction 8), CO disproportionation (reaction 9), CO2 hydrogenation 
(reaction 10) and CO hydrogenation (reaction 11) may form carbon even though 
changing molar ratio of reactants affects the reactions due to their low value of Ln(K). 
Reaction 8 has the higher tendency to form carbon at higher temperature whereas 
reactions 9, 10 and 11 has higher tendency to produce carbon at lower temperature (< 
800K) and  can be influenced by equilibrium limitations at higher temperature. The 
tendency of the forward reactions in reactions 12, 13 and 14 within the whole 
temperature range considered can be improved whereas reaction 15 is easily influenced 
by equilibrium limitations. The positive values of Ln(K) at low temperature for 
methanation (reactions 16 and 17) indicate that they are more feasible at low 
temperatures. They are less feasible at high temperature due to negative Ln(K) and 
exothermic behavior. 
 
2.8 Reforming Catalyst 
There are various types of active metals such as Ni, Co, Fe (Araujo, 2008) and noble 
metals such as Pt, Rh, Pd , Ir (Erdohelyi, 1994) for catalysts in CH4 dry refoming. Ni-
based catalyst is one of the best reforming catalysts. However, Ni metal is very reactive 
and therefore carbon layer forms easily on the catalyst which can cause deact ivation of 
the catalyst (Guczi et al., 2010). Therefore, several techniques have been used to modify 
the Ni metal by using various supports or adding second metal to Ni metal (Guczi et al., 
2010). Although Ni-based catalysts become deactivated easily, there are still usually 
employed in CH4 dry reforming because Ni metal is cheap and easily available (Xu et al., 
2001). In CH4 dry reforming, Ni and Fe elements are more reactive than Cu, Fe and Co 
for TiO2 supported catalysts (Bradford & Vanice, 1999). The activity of the catalysts 
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containing Fe, Co, or Cu is almost the same as that of the supported catalyst with no  
active metal and much lower than that of the catalyst containing Ni irrespective of the 
support used (Bradford & Vanice, 1999). 
Support can influence both catalytic activity and stability considerably (Nagaoka, 2001). 
Supports which are able to provide oxygen to metal during reaction can help to reduce 
carbon deposition (Wang, 2000). Therefore, metallic oxides having high oxygen 
exchange capacity and mobility are good choice of supports for CH4 dry reforming. There 
are various metallic oxides used as support on which the active metals are usually 
dispersed like Al2O3, MgAl2O4, CeO2, ZrO2 and so on. ZrO2 is better than Al2O3 or SiO2 
which are unable to be reduced in terms of its redox behavior, surface acidity, reducibility 
and thermal stability (Bradford, 1998). Spc-Ni/Mg-Al catalyst prepared from 
hydrotalcite- like precursor has a higher activity than those prepared by conventional 
impregnation method such as Ni/g-Al2O3 and Ni/MgO (Shishido et al., 2001). 
Addition of promoter into a catalyst helps to increase the reducibility of metal on the 
support and create more active site for the catalyst, thus improving the performance of 
the catalyst. Promoter can be an alkali earth metal, noble metal or rare earth metal. Rare 
earth metal oxide like CeO2 is a good promoter to noble metal catalyst as it helps to 
increase the catalytic reactivity in the oxidation reactions of hydrocarbons (Alvarez-
Galvan et al., 2008) and enhance the performance characteristics of three-way catalysts 
used in removal of pollutants in automobile exhaust (Farrauto et al., 1999). CeO 2 has 
high basicity and high reducibility, so active metals can be well dispersed on the support 
and thus improving the oxidation and reduction cycle of noble metals (Damyanova, 
2003). In addition, the high oxygen storage capacity of reduced CeO2 can help to remove 
carbon deposited from the catalyst surface (Damyanova, 2003). Table 2.4 shows the 
summary of previous researches about reforming catalyst and their results. 
 
 
 
